The electric field distribution at the end of a large hydro-generator is highly nonuniform and prone to corona discharge, which damages the main insulation and significantly reduces the service life of the hydro-generator. In order to reduce the thickness of the main insulation and the physical size of a large hydro-generator, it is necessary to understand the distribution of the electric field at the end of its stator bar. In this paper, the stator bar at the end of a large generator is simulated using the finite element method to determine the distribution of the potential, electric field, and loss at the rated voltage, as well as to elucidate the differences between the linear corona protection, two-segment nonlinear corona protection, and three-segment nonlinear corona protection structures. The influences of the arc angle, length of each corona protection layer, intrinsic resistivity of the corona protection material, and nonlinear coefficient are also analyzed. The results manifest that the angle of the stator bar should be 22.5 • , the difference in resistivity between the two adjacent corona protection coatings should not exceed two orders of magnitude, and the resistivity of the medium resistivity layer should be nearly 10 6 Ω·m or 10 7 Ω·m, for an optimal design of the corona protection structure.
Introduction
In large hydro-generators, the area of the partial discharge (PD), sometimes also known as corona, is mostly concentrated at the end of the stator winding/bar [1, 2] . Partial discharges are, in most cases, the symptom of deterioration of generator stator windings/bars rated 6 kV and above [3, 4] . A significant increase in PD over time may reduce the operating life of the stator winding insulation system [5] . To improve this situation, almost all generator stator windings rated 6 kV and above have coatings on the surface of the bars to suppress the occurrence of PD on bars operating at high voltage. In the stator core slot area of the bar, and for a few centimeters outside of it, the coating is usually a graphite-loaded paint or tape that is referred to as semi-conductive coating. It is also called the outer corona protection (OCP), which prevents the build-up of any voltage between the surface of the stator bar and the stator core, and thus prevents surface PD. We refer to it as the low resistive coating, since its resistivity is low. There are some other surface coatings that extend from the end of the semi-conductive coating to the end of the winding area. These coatings are often referred to as stress relief coating, end winding corona protection (ECP), semi-conductive coating (which is confusing since the graphite coating is called the same by some users), or silicon carbide coating. We refer to these coatings as medium, medium-high, and high resistive coatings according to the 
Finite Element Analysis of the Electric Field
The differential form of Maxwell's equations is as follows [18] :
where H is the magnetic field intensity (in A/m), D is electric displacement vector (in C/m 2 ), J is the current density (in A/m 2 ), E is electric field intensity (in V/m), B is the magnetic flux density (in T), and ρ is the charge density (C/m 3 ).
The finite element method uses a constant electric potential to calculate the electric field while ignoring the term ∂B ∂t in Equation (1) . An electroquasistatic formulation can be obtained using the following simplified differential form:
Under electroquasistatic conditions, the total current density J of the lossy medium is:
where ε is the permittivity and γ is the conductivity (in S/m). According to the continuity equation and E = −∇ϕ:
The electric field distribution at the end of the stator bar depends not only on the dielectric constant but also on the conductivity. When the corona protection layer at the end of the stator winding consists of nonlinear material, the resistivity of the material will change with the variation of the electric field strength as follows:
where ρ is the resistivity (in Ω·m), ρ 0 is the intrinsic resistivity (in Ω·m), and n is the non-linear coefficient.
An examination of the experimental data indicates that the resistivity varies exponentially in which α = 2/3 is the power of the electric stress [19, 20] . According to Equation (5), the non-linear equation of conductivity is:
where γ 0 is the intrinsic conductivity (in S/m). By using the Galerkin finite element method, a semi discrete finite element equation in the following form can be obtained [21, 22] :
where ϕ is the node potential column vector, K ε is the finite element coefficient matrix of medium permittivity, and K γ is the finite element coefficient matrix of conductivity [23] . Based on these equations, a model of the stator bar end was constructed in COMSOL in order to calculate the electric field and loss distribution at each point.
Establishment of the Model

Model of the Three-Dimensional at the End of a Stator Bar
The construction of the end of the stator winding in a hydro-generator is complex, and the structure from the outlet to the lead corona protection layer is comprised of low, medium, medium-high, and high resistivity layers (OCP and ECP) as well as primary insulation. In this study, a single end stator bar was modeled in COMSOL. A photograph of an actual stator is shown in Figure 1 . The model considered in this paper is shown in Figure 2 and considers the fact that the ends of the actual stator bars are curved and rotate [24, 25] . In the model, the connections between the low, medium, and high resistive layers overlap by 20 mm [26] , as shown in Figure 3 .
Based on these equations, a model of the stator bar end was constructed in COMSOL in order to calculate the electric field and loss distribution at each point.
Establishment of the Model
Model of the Three-Dimensional at the End of a Stator Bar
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In terms of selection of insulation materials, modified epoxy mica tape with continuous insulation is usually used as the basic material for large generators [27] . Its resistivity is 2 × 10 14 Ω·m and the relative dielectric constant is 4. Because of the nonuniform distribution of the electric field at the end of the stator bar, it is necessary to set up the (ECP). Silicon carbide is used as the corona protection material. As a nonlinear material, the resistivity of silicon carbide varies with the change of electric field, which can homogenize the field strength at the end region of the stator bar and thus can suppress partial discharge. calculate the electric field and loss distribution at each point.
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Analysis of the Calculation Results
Influence of Nonlinear Corona Protection Material on the Distribution of Electric Field
The distribution of the electric field when the corona layer is linear is shown in Figure 4 . As shown in the figure, the electric field distribution is concentrated only at the notch and has a value of 18.3 kV/cm. In addition, the concentration at the outlet is visible, although the corona protection requirements have not been met.
The distribution of the electric field on the surface of the bar when two layers of nonlinear corona protection are used is shown in Figure 5 . The area concentrated at the end of the stator is primarily a low resistivity section, while the section at the outlet is a medium resistivity section. The highest field strength was 3.37 kV/cm, which is two times higher than the maximum field strength in the intermediate resistivity section. The distribution of the electric field on the surface of a bar with three segment nonlinear corona protection is shown in Figure 6 . The electric field distribution of the threesegment corona protection structure at the start of the medium resistivity section is more uniform than that of the two-segment structure. However, the electric field is concentrated at the junction between the medium and high resistivity sections. As the capacitance current pass through this junction, the electric field becomes concentrated and easily causes the junction to overheat, which eventually causes thermal damage to the corona protection layer. The maximum electric field of the three-segment nonlinear corona protection decreased to 2.80 kV/cm, which was 16% lower than that of the two-segment nonlinear corona protection, and the field strength distribution improved as a result.
Electric stress (kV/cm) The distribution of the electric field on the surface of the bar when two layers of nonlinear corona protection are used is shown in Figure 5 . The area concentrated at the end of the stator is primarily a low resistivity section, while the section at the outlet is a medium resistivity section. The highest field strength was 3.37 kV/cm, which is two times higher than the maximum field strength in the intermediate resistivity section. The distribution of the electric field on the surface of a bar with three segment nonlinear corona protection is shown in Figure 6 . The electric field distribution of the three-segment corona protection structure at the start of the medium resistivity section is more uniform than that of the two-segment structure. However, the electric field is concentrated at the junction between the medium and high resistivity sections. As the capacitance current pass through this junction, the electric field becomes concentrated and easily causes the junction to overheat, which eventually causes thermal damage to the corona protection layer. The maximum electric field of the three-segment nonlinear corona protection decreased to 2.80 kV/cm, which was 16% lower than that of the two-segment nonlinear corona protection, and the field strength distribution improved as a result.
In order to verify the correctness of the model presented in this paper, the result of Ref. [28] is used as a reference. The stator bar of a hydro generator at the end region with a rated voltage of 20 kV is analyzed using the finite element method in Ref. [28] . The distribution of the electric field strength is shown in Figure 7 , which only shows the color plot of the ECP, and the maximum field strength is 3.77 kV/cm in the ECP/OCP overlapping area. The maximum electric field intensity is 2.83 kV/cm according to the calculation result in Figure 6 , and the position where the field intensity is concentrated is the same as that in Figure 7 . By comparison, the simulation results presented in the two figures are Electric stress (kV/cm) Figure 5 . Electric field distribution of the two-segment nonlinear corona protection structure.
Electric stress (kV/cm) Figure 6 . Electric field distribution of the three-segment nonlinear corona protection structure.
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Influence of the Nonlinear Corona Protection Material on the Loss Distribution
As shown in Figure 8 , the loss of the generator stator is concentrated at the junction close to the outlet, which is between the low and intermediate resistivity sections. The maximum loss was 8.16 × 10 5 W/cm 2 , which was sufficient to cause damage to the insulation of the stator bar and to heat up and damage the stator bar.
According to Figures 9 and 10 , the loss was effectively reduced when nonlinear corona protection was applied. The higher loss was primarily located at the inside of the narrow side of the corner, where the temperature was higher than that at the broad side. For the two-segment corona protection structure, the loss was concentrated at the corner of the circular arc, and the highest loss 
As shown in Figure 8 , the loss of the generator stator is concentrated at the junction close to the outlet, which is between the low and intermediate resistivity sections. The maximum loss was 8.16 × 10 5 W/cm 2 , which was sufficient to cause damage to the insulation of the stator bar and to heat up and damage the stator bar. Based on the above analysis, the distribution of the electric field and the surface loss in the threesegment nonlinear corona protection structure were more uniform than those in the two-segment nonlinear corona protection and the linear structures. Thus, the three-segment anti corona structure should be adopted at the end of a large generator as this structure was found to effectively reduce the maximum field strength and surface loss at the end of the stator bar. According to Figures 9 and 10 , the loss was effectively reduced when nonlinear corona protection was applied. The higher loss was primarily located at the inside of the narrow side of the corner, where the temperature was higher than that at the broad side. For the two-segment corona protection structure, the loss was concentrated at the corner of the circular arc, and the highest loss was 2.06 W/cm 2 . There was no loss at the corner for the three-segment corona protection structure, and the highest loss value decreased to 0.48 W/cm 2 , which is one order of magnitude less than that of the two-segment nonlinear corona structure. In addition, there was no observed loss concentrated at the junction between the medium and medium-high resistivity sections. 
Design of an Ideal Corona Protection Structure at the End of the Stator Bar
The design of the corona protection structure at the end of the stator bar is critical. If the design is inadequate, breakdowns and/or flashovers can easily occur on the surface of the corona protection layer. The main factors that affect the electric field strength and loss distribution at the end of the Based on the above analysis, the distribution of the electric field and the surface loss in the three-segment nonlinear corona protection structure were more uniform than those in the two-segment nonlinear corona protection and the linear structures. Thus, the three-segment anti corona structure should be adopted at the end of a large generator as this structure was found to effectively reduce the maximum field strength and surface loss at the end of the stator bar.
The design of the corona protection structure at the end of the stator bar is critical. If the design is inadequate, breakdowns and/or flashovers can easily occur on the surface of the corona protection layer. The main factors that affect the electric field strength and loss distribution at the end of the stator bar are the rotation angle, length of the various halo layers, inherent resistivity of the corona protection material, and nonlinear coefficient. In this section, an ideal corona protection performance structure is designed based on numerical calculations. The structure is then optimized by varying the key design parameters. Although only one bar is taken as an example, the optimization result is applicable to all stator bars, because the geometry of all stator bars is the same in the structure of a large generator.
As recommended by the large generator research institute, when the altitude is not more than 1000 m and the ambient air temperature is between −15 • C and 40 • C [29] , in order to ensure that the generator does not experience corona discharge during operation, it should meet the following requirements when running at the rated voltage [30] :
(1) The electric field intensity should not be higher than 3.1 kV/cm. (2) The maximum surface loss of the corona protection layer should be less than 0.6 W/cm 2 . (3) The termination voltage should be 0 V to prevent flashover from an excessive voltage at the end of the stator bar.
Influence of the Rotation Angle
If the stator bar is bent, this results in a nonuniformly distributed electric field and increases the corresponding loss. However, an optimal circular arc angle effectively reduces the maximum electric field strength, reduces the size of the generator, and extends the service life of the generator. For these reasons, the choice of circular arc angle is the first step in the design process. A comparison between the electric field and the loss in the stator bars with the same structure and material properties was conducted and COMSOL simulations of the developed model were performed for rotation angles of 15, 17.5, 20, 22.5, 25, 27.5, and 30 • . The maximum electric field intensity obtained for the different angles is shown in Figure 11 . When the circular arc angle was 15 • , the highest electric stress was 2.89 kV/cm, and when the circular arc angle was 22.5 • , the electric stress reached a minimum of 2.49 kV/cm. This is a decrease of 13.84% when compared to the value at 17.5 • , which indicates that the effects of corona protection at this level are close to ideal. 
If the stator bar is bent, this results in a nonuniformly distributed electric field and increases the corresponding loss. However, an optimal circular arc angle effectively reduces the maximum electric field strength, reduces the size of the generator, and extends the service life of the generator. For these reasons, the choice of circular arc angle is the first step in the design process. A comparison between the electric field and the loss in the stator bars with the same structure and material properties was conducted and COMSOL simulations of the developed model were performed for rotation angles of 15, 17.5, 20, 22.5, 25, 27.5, and 30°. The maximum electric field intensity obtained for the different angles is shown in Figure 11 . When the circular arc angle was 15°, the highest electric stress was 2.89 kV/cm, and when the circular arc angle was 22.5°, the electric stress reached a minimum of 2.49 kV/cm. This is a decrease of 13.84% when compared to the value at 17.5°, which indicates that the effects of corona protection at this level are close to ideal.
The maximum loss for each angle is shown in Figure 12 . In the figure, it can be seen that the maximum loss of the stator bar was 0.70 W/cm 3 at 17.5° and 0.47 W/cm 2 at 22.5°, which is a decrease of 32.76%.
The distribution of the electric field was similar to that of the loss, and the maximum values of the electric field and loss were the lowest at a circular arc angle of 22.5°. Based on these results, the optimal circular arc angle was set to 22.5°. The maximum loss for each angle is shown in Figure 12 . In the figure, it can be seen that the maximum loss of the stator bar was 0.70 W/cm 3 Figure 11 . Maximum electric stress at various angles. The distribution of the electric field was similar to that of the loss, and the maximum values of the electric field and loss were the lowest at a circular arc angle of 22.5 • . Based on these results, the optimal circular arc angle was set to 22.5 • .
Influence of the Length of the Corona Protection Layer
In technical terms, the length of the corona protection should be as short as possible. However, it is easy to flashover at the junction between the end of the corona protection and the main insulation. Therefore, the length of the corona layer was adjusted under the condition that the total length of the corona was fixed. The optimum corona protection length was then determined by calculating the maximum field strength and loss. In previous studies, it was determined that the electric field and loss were mainly concentrated at the junction between the low resistivity and medium resistivity areas, and between the medium resistivity and medium-high resistivity areas. Thus, in this study, the effects of the medium resistivity and medium-high resistivity length on the electric stress and loss were of particular concern. The length of each corona protection layer was adjusted by 20 mm. A continuous line was selected on the surface of the corona for reference when measuring the electric field and loss distribution of the rod length along the line. The adjusted medium resistivity and medium-high resistivity corona protection lengths are shown in Table 1 . Table 1 . Length of the corona protection coating for the medium resistivity layer.
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High Resistivity Layer (mm )   1  170  183  232  2  170  204  211  3  170  226  189  4  170  247  167  5  170  269  146  6  192  161  232  7  213  140  232  8  235  118  232  9  256  96  232  10  278  75  232 The maximum electric stress and loss were obtained by calculation and are shown in Figure 13 . As shown in the figure, the second scheme was better than the first. In the second scheme, the maximum field strength was 2.44 kV/cm, the maximum loss was 0.43 W/cm 2 , and the distribution of the electric field and loss was more uniform. In these tests, the lengths of the medium resistivity, medium-high resistivity, and high resistivity layers were 170, 204, and 211 mm, respectively .   7  213  140  232  8  235  118  232  9  256  96  232  10  278  75  232 The maximum electric stress and loss were obtained by calculation and are shown in Figure 13 . As shown in the figure, the second scheme was better than the first. In the second scheme, the maximum field strength was 2.44 kV/cm, the maximum loss was 0.43 W/cm 2 , and the distribution of the electric field and loss was more uniform. In these tests, the lengths of the medium resistivity, medium-high resistivity, and high resistivity layers were 170, 204, and 211 mm, respectively. 
Influence of the Resistivity
Since the resistivity of the corona protection layer has a significant effect on the electric field and loss distribution, the selection of the resistivity of the corona protection layer material is particularly important. Due to the abrupt change in the resistivity at the overlap of the corona protection layers, the potential suddenly rises and increases the concentration of the electric fields and losses. Therefore, it is essential that the resistivity for all three levels in the corona protection layer are suitably chosen as this can substantially equalize the distribution of the electric field and loss.
According to the actual data provided by the generator factory, the resistivity of the low-resistivity layer was fixed at 0.02 Ω·m and the resistivity of the medium, medium-high, and high resistivity layers ranged from 10 6 Ω·m to 10 14 Ω·m. Based on the second scheme in Table 1 , the selected values of the resistivity of the corona protection layers are shown in Table 2 . The maximum field strength and loss were obtained by simulation based on the values in Table 2 and are shown in Figure 14 . The maximum electric stress of the second and third schemes was 2.2 kV/cm, the maximum loss was 0.42 W/cm 3 , and the electric field distribution for these schemes was the most uniform. These schemes therefore meet the requirements. On the other hand, the maximum loss of the 5th, 9th, and 10th solutions was 0.39 W/cm 3 , but the maximum electric stress was larger than the allowable range. This was mainly due to the fact that the field strength was primarily concentrated at the connection between the medium and medium-high resistivity layers, and the loss mostly occurred in the The maximum electric stress of the second and third schemes was 2.2 kV/cm, the maximum loss was 0.42 W/cm 3 , and the electric field distribution for these schemes was the most uniform. These schemes therefore meet the requirements. On the other hand, the maximum loss of the 5th, 9th, and 10th solutions was 0.39 W/cm 3 , but the maximum electric stress was larger than the allowable range. This was mainly due to the fact that the field strength was primarily concentrated at the connection between the medium and medium-high resistivity layers, and the loss mostly occurred in the medium resistivity area. Therefore, when the resistivity value of the corona protection layer for each level is selected, the resistivity of adjacent corona protection layers should be similar, and the difference should not exceed two orders of magnitude. If the difference reaches three orders of magnitude, the corona protection effect will be significantly reduced. Selection of the resistivity of the medium-resistivity layer is important and should not be set too high; reasonable values are 10 6 or 10 7 Ω·m.
Influence of the Nonlinear Coefficient
The nonlinear coefficient is also an important corona protection parameter as it directly affects the distribution of the electric field and the loss at the end of the stator bar. To explore the influence of the nonlinear coefficient on the electric field distribution and loss, the second scheme in Table 2 was employed as an example, as shown in Table 3 . The first group is a linear corona protection layer. As listed in Table 3 , nine different combinations of nonlinear coefficients were assigned while the remaining parameters were unchanged. The maximum electric stress and loss of the corona protection layer was calculated and are shown in Figure 15 . 
As listed in Table 3 , nine different combinations of nonlinear coefficients were assigned while the remaining parameters were unchanged. The maximum electric stress and loss of the corona protection layer was calculated and are shown in Figure 15 . From Figure 15 , it can be seen that when the nonlinear coefficient of the medium-high resistivity layer was 1.2, the corona protection effect exhibited the best performance. As the nonlinear coefficient of the medium resistivity layer increased, the maximum electric stress increased, and the maximum loss decreased. Considering the maximum value of the electric stress and the minimum value of loss, the final selection of the six schemes, namely, the nonlinear coefficients of the medium, medium-high, From Figure 15 , it can be seen that when the nonlinear coefficient of the medium-high resistivity layer was 1.2, the corona protection effect exhibited the best performance. As the nonlinear coefficient of the medium resistivity layer increased, the maximum electric stress increased, and the maximum loss decreased. Considering the maximum value of the electric stress and the minimum value of loss, the final selection of the six schemes, namely, the nonlinear coefficients of the medium, medium-high, and high resistivity layers, were 1, 1.2, and 1.2, respectively. Although the maximum electric stress was not the lowest, the center of the electric stress transferred from the junction of the low and medium resistivity layers to the junction between the medium and medium-high resistivity layers, thereby reducing the maximum loss.
Conclusions
In this paper, a simulation model was developed using the end of the stator bar in a hydroelectric generator with a rated voltage of 15.75 kV and a rated capacity of 120 MW as an example. In the design process, the angle of the stator bar, and the length, intrinsic resistivity, and nonlinear coefficient of each corona protection layer were optimized, and the electric field and loss distribution at the end of the stator bar were calculated using COMSOL. The conclusions drawn from this study are as follows:
(1) The angle of the stator bar should not be too large. The best performance was obtained at an angle of 22.5 • and the electric field distribution at this angle was the most uniform. (2) If the length of the medium resistivity layer is shortened appropriately, the electric field concentration can be transferred from the junction of the low and medium resistivity layers to the junction of the medium and medium-high resistivity layers. In this way, the distribution of the electric field and loss can be effectively homogenized. (3) The resistivity of adjacent corona protection layers should be similar and should not exceed two orders of magnitude. If the difference reaches three orders of magnitude, the corresponding corona protection effect will be considerably reduced. The selection of the resistivity of the medium-resistivity layer is important and should not be too high; reasonable values are 10 6 Ω·m or 10 7 Ω·m. (4) Larger values of the nonlinear coefficient of the medium-high resistivity layer are acceptable as this reduces the maximum electric stress and allows the distribution of the electric field to be more even.
